ABSTRACT In this paper, a novel dynamic decoupling-based robust synchronous control scheme is proposed for the high-precision motion trajectory tracking control of a hydraulic parallel manipulator. The presented controller is derived by effectively integrating joint disturbance rejection technique with a cross-coupling control (CCC) approach. The parallel manipulator is first considered as a multi-axis system with modeling uncertainties and strong nonlinear coupling dynamics. For each axis, two extended state observers are synthesized to estimate and reject both the matched uncertainties and unmatched uncertainties (e.g., external disturbances and unmodeled nonlinearities), and then the decoupled dynamic model of the system in joint space can be established. A synchronization error is developed to represent the coordination degree of multiple actuators and then coupled with the position error to form a coupling position error. Subsequently, based on the system decoupled dynamic model, a synchronous controller with the feedback of coupling position error is carried out to coordinate the motions of actuators by combining the CCC strategy with robust control via backstepping method. The proposed controller can theoretically guarantee the simultaneous convergence of both position tracking errors and synchronization errors. The stability of the system is verified via the Lyapunov method. The comparative experiment results are obtained to verify the high tracking performance nature of the proposed control strategy.
I. INTRODUCTION
Hydraulic parallel manipulators have been widely used in industrial applications, especially in motion simulators, astronomical telescopes and virtual reality devices, due to their advantages of great stiffness, high precision, high power-toweight ratios and rapid response [1] - [3] . However, since the parallel manipulator is essentially a time-varying, multivariable and strong coupling nonlinear system, its high-precision motion trajectory tracking control is still a challenging task.
Generally, the control schemes of robot manipulator can be classified into two kinds [4] : the centralized control (CC) strategy, or so-called dynamic model based multi-input multioutput (MIMO) control scheme, and the decentralized control (DC) strategy, or so-called local joint based single input single output (SISO) control scheme. The typical CC schemes include computed torque control [5] , sliding mode control [6] , and adaptive robust control [7] , etc.
The associate editor coordinating the review of this manuscript and approving it for publication was Yanzheng Zhu. However, although significant achievements have been obtained under lab conditions, the practical application of CC strategy is still not very promising since this method relies heavily on the accurate system dynamic model and requires the tedious computation and rather complicated hardware configuration.
In fact, the robot manipulator can be considered as a multiaxis system with modeling uncertainties and strong nonlinear coupling dynamics [8] - [9] . Based on this opinion, for the sake of simplifying the controller design, the DC strategy decomposes the overall system into a set of SISO joint subsystems [10] , and then seeks to design a high-performance controller for each local joint. This method based only on local information is highly desirable. However, the large coupling dynamics may significantly affect the local joint control performance.
In order to effectively deal with the adverse effects of both the external disturbances and modeling uncertainties in each local joint, the disturbance estimation technique is widely employed by DC strategy to estimate and reject the large coupling dynamics in joint subsystem. Many researchers use neural network method [11] - [12] and fuzzy logic approach [13] - [15] to approximate the unknown disturbance, and then cancel it in a feed-forward way. However, these methods also need tedious on-line computation. Disturbance observer (DOB) technique, such as extended state observer (ESO) [16] , nonlinear disturbance observer (NDOB) [17] and uncertainty and disturbance estimator (UDE) [18] , provides an alternative way to cope with the uncertain nonlinearities. Especially in [16] , an ESO was presented to address those plants with larger amount of uncertainties, and then further simplified and developed in [19] and [20] . As the fundamental part of the so-called active disturbance rejection control (ADRC), an important advantage of ESO is that it can estimate the lumped disturbances both in dynamics and external disturbances [21] , and the estimation error can be made arbitrarily small by increasing the bandwidth of the observer [22] . Meanwhile, compared with other DOBs, ESO requires the least amount of information [23] . Due to its excellent performance, ESO-based DC schemes have been widely used in robotics, such as controls of serial manipulator [24] , six degrees-of-freedom (DOF) parallel platform [25] , reconfigurable robot [26] and other multi-axis robot system [27] .
However, since the trajectory of the end-effector is determined by all actuator motions, there also exists the kinematic coupling issue among actuators which has not been considered in aforementioned control schemes. From [28] , the kinematic coupling issue among actuators can be treated as a position synchronization problem. Hence, in order to improve the tracking accuracy of manipulator, all actuators should move in a coordinated way. The crossing-coupling control (CCC) provides a unique opportunity and advantage to address this problem posed by robot manipulator [29] . The major difference between CCC-type position synchronization control and conventional position tracking control is the employment of the so-called synchronization error, which represents the degree of coordination among multiple actuators [30] , and then can be used in controller to regulate the robot trajectory in the transient stage.
The concept of CCC was first introduced by Koren [31] for the tracking control of machine tools. Subsequently, this control approach has been extensively used in other control applications. Much of the reported literatures used CCC to deal with the velocity synchronization problem, such as in [32] and [33] . Significant efforts have been made in utilizing the CCC to solve the position synchronization of multiaxis system [8] , [34] - [36] . In recent years, the CCC scheme also has been widely used in robotics. Pi et al. [37] introduced the CCC into the cascade control method to improve the coordination performance of a hydraulic Stewart platform. Zuo and Tao [38] proposed a synchronous controller for a pneumatic parallel manipulator by combing the ARC controller with CCC scheme. Zhao et al. [39] developed a finite time synchronous controller for a Stewart platform by integrating sliding mode control with CCC method, and the controller can guarantee the finite time convergence to zero of both position errors and synchronization errors. But the actuator dynamics was not considered in the controller. Shang et al. [40] and [41] applied the cross-coupling concept to the coordination motion control of a 2-DOF manipulator with actuation redundancy. Ren et al. [42] synthesized a convex synchronous controller for a 3-DOF parallel planar manipulator based on CCC approach, and the proposed controller can satisfy multiple closed-loop performance specifications simultaneously. CCC also has been widely studied in the synchronization control of multi-robot system, such as in [43] and [44] . Some other works can be found in the counter control of CNC machine applications [45] - [47] .
However, the synchronous controllers mentioned above are all model-based CCC schemes, and of these, some need extensive on-line computation. In practice, there is a significant demand for developing the model-free CCC schemes. At present, the existing model-free synchronous controllers are all PID-based schemes. Sun et al. [48] proposed a synchronous controller for the setpoint control of multi-axis systems by incorporating the CCC into a common PD control architecture. Su et al. [49] developed an integrated controller by combining a PD control with a saturated PI synchronous control for the robot manipulators. However, although these model-free schemes have the advantages of simple controller structure and easy implementation, an experimental comparison study has demonstrated that the model-based synchronous controllers can achieve better performance than model-free ones when the system dynamic model is reliable [50] .
In this paper, by borrowing ideas from ESO-based DC scheme and model-based CCC approach, a novel robust synchronous control scheme based on system decoupling dynamic model (RSCDDM) is initially proposed for a hydraulic 3-[P2(SS)] (P-Prismatic, S-Spherical) parallel manipulator. First, the desired trajectory mapping between in Cartesian space and joint space is realized by using the inverse position model and trajectory generation technique. Two ESOs are introduced for each actuator to estimate and compensate both the matched and unmatched uncertainties simultaneously, and then the decoupled dynamic model of the parallel manipulator in joint space can be established. Moreover, the CCC approach and robust controller are integrated by using the backstepping method to guarantee the simultaneous convergence of both position errors and synchronization errors. The proposed RSCDDM control scheme combines the advantages of traditional ESO-based DC scheme and model-based CCC approach. Compared with ESO-based DC scheme, the RSCDDM controller can significantly improve the coordination performance among the actuators, and the higher tracking precision can be obtained in Cartesian space. In comparison with model-free CCC scheme, RSCDDM can effectively improve the joint anti-disturbance ability. In addition, it should be noted that the controller structure VOLUME 7, 2019 of RSCDDM is much simpler than the model-based CCC scheme, which makes the proposed approach implement easily in practice.
The remainder of this paper is organized as follows. In Section II, the system models and problem formulation are presented. The detailed design procedure of the proposed controller is carried out in Section III. In Section IV, the comparative experiment results are given to confirm the effectiveness of the proposed controller, meanwhile, some conclusions can be found in Section V.
II. SYSTEM MODELS AND PROBLEM FORMULATION A. SYSTEM DESCRIPTION
The considered hydraulic 3-[P2(SS)] parallel manipulator is depicted in Fig. 1 . The robot has three translational DOFs and mainly consists of a base platform, a moving platform, three limbs, three sliders and three hydraulic actuators. Each slider is mounted on the base platform through four linear bearings and driven by a hydraulic actuator, and then they form a prismatic joint as a whole. Each limb contains two connecting rods which are equal in length. The two ends of each connecting rod are connected with the moving platform and slider through self-made high-precision spherical joints respectively. The load is fixed on the moving platform. By controlling the movements of three hydraulic actuators, the three translational motions of the moving platform in Cartesian space can be realized. 
B. INVERSE POSITION MODEL OF 3-[P2(SS)] MANIPULATOR
According to the structural characteristics of the 3-[P2(SS)] parallel manipulator, the two connecting rods in each limb have the same motion law, and they can be equivalent to a single connecting rod when the kinematics of the system is analyzed. Hence, the simplified schematic diagram of parallel manipulator can be established as shown in Fig. 2 . Three hydraulic cylinders are fixed to the base platform at points A 1 , A 2 and A 3 . C i is the location of the piston rod for i = 1, 2, 3. B i C i is the equivalent connecting rod of i-th limb where B i is the location of the equivalent node which connects the rod and the moving platform. For the purpose of analysis, the following coordinate systems are defined for the modeling of the manipulator: the fixed reference coordinate system Oxyz is attached to the center of the base platform, and the moving coordinate system O x y z is located at the center of the moving platform.
Let r∈ R 3 denote the position vector of the center O in coordinate frame Oxyz. Then, we have
where e 
C. DANAMIC MODEL OF MANIPULATOR AND SYSTEM DECENTRALIZATION
For the 3-[P2(SS)] parallel manipulator, the dynamic model in joint space can be described as follows
where τ represents the effective output force vector of three cylinders, q is the displacement vector of three actuators, M d (q) denotes the inertia matrix, C d (q,q) is the coefficient matrix of Coriolis and centrifugal forces, G d (q) is the vector of gravity terms, D d (t) is the vector representing the lumped modeling errors of the system dynamic model such as the external disturbances of robot manipulator, the unmodeled frictions in joints, and/or other unmodeled dynamics.
Since the strokes of three hydraulic actuators are all bounded, the system dynamic model (3) has the following property [51]- [52] .
Property 1:
The inertia matrix M d (q) is symmetric and positive-definite, meanwhile, there exist some constants µ max > µ min > 0, c H > 0 and c G > 0 such that
where I represents an identity matrix.
Assumption 1:
The modeling error term D d (t) is bounded, meanwhile, its first-order derivative exists and is bounded.
Based on Property 1 and Assumption 1, it can be obtained that the output force vector τ is differentiable and bounded above by a nonlinear polynomial of the norms ofq andq. That is, there exist some positive constants,
Decomposing the system dynamic model (3) into a set of joint subsystems with external disturbances, the effective output force of i-th actuator can be described as [53] 
where
is the mass of piston rod of i-th actuator,
can be treated as an ''external disturbance'' acting on the i-th actuator.
Combining (5) and (6), it can be shown that the upper bound of τ im satisfies
where λ i1 , λ i2 and λ i3 are some positive constants.
D. NONLINEAR MODEL OF HYDRAULIC ACTUATOR
The hydraulic actuator used in parallel manipulator is depicted in Fig.3 . The dynamics of i-th actuator can be described as [54] where B im represents the ideal viscous friction coefficient, P i1 and P i2 represent the oil pressures in forward chamber and return chamber, respectively, A i1 and A i2 are the ram areas of the two chambers, d im represents the lumped unmodeled disturbance of i-th actuator without the external disturbance (e.g. friction modeling errors, and/or other unmodeled dynamics).
Neglecting the external leakage of the cylinder, the pressure dynamics of i-th actuator can be modeled as [54] 
where V i1 = V i01 +A i1 q i and V i2 = V i02 −A i2 q i represent the effective volumes of the forward chamber and return chamber, respectively, V i01 and V i02 are the original volumes of two chambers, β e is the effective bulk modulus of hydraulic oil, C it is the total internal leakage coefficient of the i-th cylinder, Q i1 and Q i2 represent the forward flow and return flow, P iL = P i1 − P i2 is the load pressure, p id1 and p id2 are the lumped modeling errors in the dynamics of P i1 and P i2 , respectively, which can be attributed to the external leakage of the cylinder, the errors caused by the improper parameter values, and/or other unmodeled dynamics. Q i1 and Q i2 are related to the spool valve displacement x iv , and they can be modeled as [54] 
where k iu is the total flow gain of the spool valve, P s and P r represent the supply pressure and return pressure of the hydraulic system, s(u i ) is defined as
Define the state variables as
and then the system model of i-th hydraulic actuator can be expressed in a state-space form as
Cartesian space is smooth enough and bounded. VOLUME 7, 2019 The hydraulic system of parallel manipulator works under normal conditions, i.e., 0 < P r < P i1 < P s , 0 < P r < P i2 < P s .
Assumption 3: The unmatched uncertainty d im (t) and the matched uncertainty d i3 (t) are both bounded, meanwhile, their first-order derivatives exist and are bounded, that is
where δ i2 and δ i3 are some positive constants. Based on (7), (12) and Assumption 3, we can obtain
Based on Assumption 1 and 3, we can infer that the derivative of d i2 exists and is bounded.
E. SYNCHRONIZATION ERROR DESIGN
In order to further improve the tracking accuracy of parallel manipulator, all actuators need to be coordinated in motion trajectory tracking control. The key to this requirement is the position synchronization of all actuators. Hence, it is essential to develop a position synchronization error to represent the degree of coordination of multiple actuators.
By referring to [37] , the position synchronization of multiple actuators can be described as the fact: if the ratio of the actual displacement to the desired displacement of i-th actuator is equal to those of all other actuators at each sampling time, the system can be considered moving in a synchronous manner. Hence, the synchronization goal of the 3-[P2(SS)] manipulator can be defined as
where q i and q id represent the actual displacement and the desired displacement of the i-th actuator, respectively. Based on (15), the following synchronization functions are derived as [37] and [49] 
where q i+1 and q i−1 are understood to be q 1 and q 3 when i = 3 and 1, respectively. In a similar manner to [37] and [49] , applying a Taylor series expansion to ϕ j (·) (j = 1,2,3) in (16) and considering the first-order derivatives only, the following are derived from (16) .
where e i (t) = q i (t)−q id (t) denotes the position tracking error of i-th actuator, O(e i (t)) represents the higher order terms in ϕ j (·) which can be neglected, φ ij (t) = ∂ϕ j (·)/∂q i q id denotes the bounded coupling parameter corresponding to the first-order error e i (t). Then, based on (16)-(17), the synchronization errors for different axes can be defined as
By rewriting (18) in a matrix format, we have
where e(t) = [e 1 (t), e 2 (t), e 3 (t)] T is the tracking error vector, ε(t) = [ε 1 (t), ε 2 (t), ε 3 (t)] T is the synchronization error vector, a(t) = diag{a 1 (t), a 2 (t), a 3 (t)}(a i = 1/q id ). T is a constant gain transformation matrix, and can be expressed as
Remark 2: Generally, by setting and adjusting the initial posture of the parallel manipulator, and selecting the appropriate desired trajectory r d , it can be guaranteed that q id = 0, i.e., a i = 1/q id will be non-singular. Hence, (18) will always hold.
F. CONTROL OBJECTIVE
For a given desired trajectory r d in Cartesian space, we can obtain the desired trajectory q d of the actuators in joint space by using the inverse position model (2) . Then the control objective is to design bounded control inputs for actuators to make the tracking error e and the synchronization error ε as small as possible. Thus, the hydraulic parallel manipulator can be expected to achieve high-precision trajectory tracking performance in Cartesian space.
III. CONTROLLER DESIGN A. DESIRED TRAJECTORY GENERATION
In order to guarantee the transient performance of the controller, the desired trajectory of each actuator should be smooth enough. By referring to [55] , the desired trajectory x i1d and its derivativesẋ i1d ,ẍ i1d , x i1d of i-th actuator can be generated from the actual reference trajectory q id by using a third-order stable filter given by (21) ...
where κ i1 , κ i2 , and κ i3 are design parameters of the filter.
B. EXTENDED STATE OBSERVER DESIGN AND SYSTEM DYNAMIC DECOUPLING
The traditional ESO-based DC schemes of robot manipulators can only estimate the matched uncertainty for each control loop [24] - [27] . Since all the system states of each actuator are available in this paper, by referring to [21] , [22] , and [56] , two linear ESOs (LESO) can be constructed for each joint to estimate both the matched and unmatched uncertainties simultaneously. First, the uncertainties d i2 (t) and d i3 (t) are extended as additional states x ie1 and x ie2 , respectively, i.e., define x ie1 = d i2 (t), x ie2 = d i3 (t). According to Assumption 3 and Remark 1, both d i2 (t) and d i3 (t) are all differentiable, and then let υ i1 (t) and υ i2 (t) represent the time derivatives of x ie1 and x ie2 , i.e.,ẋ ie1 = ν i1 (t) ,ẋ ie2 = ν i2 (t). Hence, the original plant of i-th actuator can be rewritten as
Then, similar to [21] , for the uncertainties x ie1 and x ie2 , two linear ESOs can be constructed as
(24)
wherex ij (j = 1, 2, 3, e1, e2) represents the state estimate of x ij , ω ie1 > 0 and ω ie2 > 0 can be regarded as the bandwidths of the two linear ESOs. Definex ij = x ij −x ij as the estimation error of state x ij , then the dynamic equations of the state estimation errors can be given as
Lemma 1 [23] : Since ν i1 (t) and ν i2 (t) are all bounded, the estimation errors of the LESOs in (26) are always bounded. Meanwhile, there exist a constant σ ij > 0 and a finite time T 1 > 0 such that
for some positive integer c.
Remark 3:
By increasing the bandwidths of ω ie1 and ω ie2 , the estimation error can be compressed to a prescribed range after a finite time period T 1 .
In addition, in order to facilitate the controller design, by referring to [57] , we can define two saturation functions to restrict the estimate ranges of two observers. The structures of two saturation functions are given by
Hence, from (28) and Lemma 1, we have
As a result, according to the disturbance estimation equations (24) and (25), the original system model of i-th actuator (12) can be rewritten as
Hence, based on (30), the decoupled dynamic model of the hydraulic parallel manipulator in joint space can be obtained as follows
T ,x e2 = x 1e2 ,x 2e2 ,x 3e2 T .
C. SYNCHRONOUS CONTROLLER DESIGN
Step 1: By combining the position tracking error e with synchronization error ε, the following coupling position error vector is defined [38] .
T is the coupling position error vector,
is a positive-definite coupling gain matrix.
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Remark 4: Since the coupling position error expression E includes the position error e and synchronization ε, by designing an appropriate controller with the feedback of E, the simultaneous convergence of both e and ε can be guaranteed. Meanwhile, β can be regarded as the relative weight of the synchronization error ε in the feedback signal E, and the higher gain β means the synchronization control will be enhanced. Hence, it should take balance in selection of β.
Define a switch-function-like quantity as
where K 1 = diag{K 11 , K 12 , K 13 } is a positive-definite feedback gain matrix. Differentiating z 2 in (33) with respect to time leads tȯ
Define a positive semi-definite function V 2 as
Differentiating V 2 and noting (34), we havė
Noting Më = M (ẋ 2 −ẍ 1d ) and combining the second equation of (31), one obtainṡ
Let α 2 = [α 12 , α 22 , α 32 ] T denote the virtual control law of the state x 3 , and the structure of α 2 is constructed as
where K 2s1 = diag{K 2s11 , K 2s12 , K 2s13 } is a positive-definite diagonal control gain matrix.
Define z 3 = x 3 − α 2 as the virtual control input discrepancy. Substituting (38) into (37) giveṡ
Since the hydraulic actuators have the same structures, then it can be assumed that β 1 = β 2 = β 3 , K ε1 = K ε2 = K ε3 and
Substituting (40) into (39), one obtainṡ
The robust control function α 2s2 is now chosen to satisfy the following condition:
where γ 2 is a positive design parameter which can be arbitrarily small.
T , and let h i2 (t) be any smooth function satisfying
Then, one smooth example of α 2s2 satisfying (42) can be designed as [58] 
where K 2s2 = diag{K 2s21 , K 2s22 , K 2s23 } is a positive-definite diagonal control gain matrix. Combining (41) and (42), we can havė
Step 2: Noting the last equation of (31) and differentiating z 3 with respect to time yielḋ (46) whereα 2c is the calculable part ofα 2 andα 2u is the incalculable part, and they can be calculated as followṡ
wherex 2 is the estimate ofẋ 2 ,x 2 =ẋ 2 −x 2 represents the estimation error ofẋ 2 .
Thus, based on (46) and (47), the feedback controller u for the hydraulic manipulator can be designed as where
Substituting (48) into (46), we havė
Then, the robust control function u smathbf 2 is now chosen to satisfy the following condition:
where γ 3 is a positive design parameter which can be arbitrarily small.
T , and let h i3 (t) be any smooth function satisfying
Then, in a similar manner to (44), one smooth example of u s2 satisfying (50) is given by
where K 3s2 = diag{K 3s21 , K 3s22 , K 3s23 } is a positive-definite diagonal control gain matrix.
D. STABILITY ANALYSIS
Define a positive semi-definite function
Differentiating V 3 , meanwhile, noting (46) and (48), one obtainṡ (54) Substituting (45) into (54) and considering (50), then we can havė
It can be seen that, z 2, z 3 and ε are all bounded, and they will converge to a sphere related to γ 2 +γ 3 . By choosing large enough feedback gain matrix K 2s1 and K 3s1 and/or small enough controller parameters γ 2 and γ 3 , z 2, z 3 and ε tend to converge to zero. According to (33) , we obtain E andĖ are bounded. Since ε is bounded, it can be inferred that e is bounded from (32) . From Assumption 2 and 3, meanwhile considering Lemma 1, one can infer that the states x, and x e1 , x e2 and their estimates are all bounded. Noting (48) , it can be obtained that the control input u is bounded. Thus, all the signals in the system are bounded, and it will theoretically achieve the convergence to zero for both the position tracking errors and the synchronization errors by using the proposed controller in (48) .
Finally, the overall diagram of the proposed controller is illustrated in Fig. 4 . The theoretical solution of the forward kinematics is employed to get the actual posture of the hydraulic manipulator in Fig. 4 , and the theoretical solution can be found in [59] .
IV. EXPERIMENTAL RESULTS

A. EXPERIMENT SETUP
The experimental platform shown in Fig. 4 is established to verify the effectiveness of the proposed control strategy. Specifications of structural parameters of the 3-[P2(SS)] parallel mechanism are listed in Table 1 . The hydraulic actuator VOLUME 7, 2019 adopts the single-rod cylinder whose stroke is 400 mm, and the piston diameter of which is 40 mm and the rod diameter is 28 mm. Meanwhile, each actuator contains a servo proportional valve, a built-in high-precision magnetostrictive position transducer and two pressure sensors. The detailed parameters of the devices are shown in Table 2 . The real-time control system adopts the MATLAB/xpc technique. The schematic diagram of the control system is shown in Fig. 6 , and its detailed working principles can be referred to [3] . The A/D and D/A modules use a same NI DAQ board which is plugged in the target PC. The hardware configuration information can be found in Table 2 . The sampling time of the control system is 1ms.
B. COMPARATIVE RESULTS
In order to investigate the effectiveness of the proposed controller, the following four controllers are compared. . The desired trajectory is generated by (21) in which κ i1 = 12500, κ i2 = 7500, κ i3 = 150. By using the errorand-trial method, the controller parameters are chosen as
, 500, 500}. The observer gains are given by ω ie1 = 45 and ω ie2 = 35.
Remark 5: When the robust control terms in (44) and (52) are implemented, there mainly exist the following two ways. The first method is to choose the values of λ i1 , λ i2 , λ i3 , δ i2 , δ i3 , γ 2 and γ 3 to calculate the right-hand side of (43) and (51) . Hence, K 2s2 and K 3s2 can be determined, and the guaranteed global stability and control accuracy can be satisfied. This method is rigorous, but the tedious computation is needed which considerably increase the complexity of the resulting control law. As an alternative, a pragmatic approach is to choose K 2s2 and K 3s2 large enough without worrying about the specific values of λ i1 , λ i2 , λ i3 , δ i2 , δ i3 , γ 2 and γ 3 . This method will make (43) and (51) be satisfied for certain sets of values of λ i1 , λ i2 , λ i3 , δ i2 , δ i3 , γ 2 and γ 3 . This paper chooses the second approach due to its advantages of simple computation and convenient parameter tuning. 3) DRC: This is the direct robust controller in joint subsystem, which is obtained by using the same control law as in DRCESO but without disturbance estimations, i.e., ω ie1 = 0 and ω ie2 = 0. 
The comparative experiments are carried out for the above four controllers. Fig. 7(a) illustrates the desired trajectory in Cartesian space, and the desired trajectories of three axes in Cartesian space and the ones of three actuators in joint space are shown in Fig. 7(b) and (c), respectively. The tracking performance, tracking errors in Cartesian space and tracking errors in joint space of four controllers are presented in Fig. 8-11 , respectively. The maximum absolute tracking errors of four controllers during the last two cycles are collected in Table 3 .
From these experiment results, it can be seen that the proposed RSCDDM controller achieves the best trajectory tracking performance in Cartesian space, since it introduces the ESOs and CCC technique into the controller design. By comparing the tracking performance indices of DRCESO with DRC and VFPID, it obviously reveals that ESOs can effectively help the joint controllers improve the position tracking accuracy, since the large coupling dynamics can be accurately estimated by ESOs and then compensated in a feed-forward way. It is interesting to note that the VFPID has better tracking performance than DRC. The reason has twofold: one is that VFPID controller employs larger feedback gains than DRC; the other is that the VFPID also employs some model compensation duo to the introduction of velocity feed-forward. That is to say, the utilization of velocity feed-forward makes VFPID cancel part of the model dynamics while the strong feedback gains help to suppress the other unconsidered factors.
It is worth noting that there exist some constant offsets in positon tracking errors of DRC controller. This is due to the fact that part of the joint coupling dynamics are constant disturbances which caused by the gravity of the parallel mechanism. Since DRC lacks effective compensation for large external disturbances suffered by each joint and uses weak feedback control gains, it can be considered that these constant offsets in joint tracking errors are generated to balance the constant parts of the external disturbances when using DRC controller.
In addition, it is exciting to see that RSCDDM has better tracking performance than DRCESO in Cartesian space, especially on x and y axes, although DRCESO has about equal tracking performance with RSCDDM in joint space. By comparing the performance indices of RSCDDM and DRCESO, we can find that the CCC strategy did little effect on the direct position tracking errors in joint space but decreased the synchronization errors significantly. That is to say, the tracking performance of moving platform in Cartesian space is related to not only the joint direct position tracking errors but also the synchronization errors among actuators. Hence, the CCC strategy can significantly improve the tracking performance of manipulator by coordinating the actuators of parallel manipulator to move in a synchronous manner.
In a word, the proposed RSCDDM controller obtains the highest tracking accuracy compared with other controllers with the help of ESOs and CCC strategy. The ESOs effectively eliminate the adverse effects of large coupling dynamics on joint position tracking performance and the CCC strategy increases the degree of coordination among actuators significantly. In other words, RSCDDM solves the issues of dynamic coupling and kinematic coupling among actuators of parallel manipulators, and the better tracking performance of end-effector in Cartesian space can be achieved than other control strategies.
Moreover, in order to verify the accuracy of the observer, the estimated values of unmatched uncertainties obtained by ESOs are compared with the nominal values of joint external disturbances, and the results are shown in Fig. 12 . The nominal external disturbances of actuators can be obtained by simulating a given desired trajectory (56) with ADAMS software. As seen, the estimated values of unmatched uncertainties are generally consistent with the trends of the nominal external disturbances, while there is a certain deviation between them. This is because the unmatched uncertainties of actuators include not only the external disturbances caused by the parallel mechanism but also some other modeling errors of actuators (e.g., uncertain parameters, friction modeling errors, and/or other unmodeled nonlinearities). Hence, ESO can be considered to have high observation accuracy in practical applications.
Furthermore, Fig. 12 clearly shows that the actuators 1 and 3 are subjected to the pressure forces in which the constant offsets are about 330N, while the actuator 2 bears the pull force in which the constant offset is near -670N. Hence, it further explains why there exist some constant offsets in joint tracking errors of DRC controller, which has been preliminarily analyzed in the previous paragraph.
In addition, Fig. 13 presents the matched uncertainty estimations of ESOs. When the RSCDDM controller is used, the control inputs of the three actuators are given in Fig. 14 and the oil pressures in two chambers of three cylinders are shown in Fig. 15 . It is easy to see that both the control inputs and the oil pressures are bounded and within reasonable ranges. 
V. CONCLUSION
In this paper, a robust synchronous control scheme based on system decoupled dynamical model and CCC approach is developed for the high-precision motion trajectory tracking control of a hydraulic manipulator. The proposed controller can guarantee the convergence of both joint position tracking errors and synchronization errors without requiring the complicated system dynamic model. The stability of the novel control strategy is analyzed via a Lyapunov method. The comparative experiments are presented to illustrate the effectiveness of the proposed controller, which show that an excellent tracking accuracy can be achieved by the proposed controller.
In fact, the proposed controller can be used as a general synchronous control scheme suitable for other multi-axis systems. It effectively solves the issues of dynamic coupling and kinematic coupling widely existing in the multi-axis system. In other words, by integrating the fundamentally different working mechanisms of dynamic decoupling control and kinematic synchronization control, the developed scheme initially bridges the gap between two main control research areas, and is able to preserve the performance results of the design approaches while overcoming their practical performance limitations. This scheme does not need the complicated dynamic information of the system and the controller structure is simple and reliable. Hence, it has a wide application prospect in engineering practice.
